4؊ tetrahedral building blocks. In this three-dimensional structure, there are two types of metal sites. In each structure, these sites are occupied di4erently because of a disorder between the alkali and lead cations. All three compounds are semiconductors with band gaps around 2 eV. The observation of a large second harmonic generation (SHG) signal for Na 0.5 Pb 1.75 GeS 4 indicates that it may be a potential nonlinear optical (NLO) material. Infrared and Raman spectroscopic characterization is also reported.
INTRODUCTION
The application of molten alkali metal polychalcogenide #uxes in the past decade has contributed a great deal to the synthetic chemistry of ternary and quaternary chalcogenides (1}4). More recently, this #ux method has been modi-"ed and extended to address the solid state chemistry of multinary thio-and selenophosphates (5) . The use of a polychalcophosphate #ux involves the in-situ generation of wellde"ned, discrete [P V Q W ]L\ anionic fragments, which are the building blocks required to form chalcophosphate solids. These anionic species can become solubilized in an excess of polychalcogenide #ux and then coordinate to metal cations to form molecular, (6}9), one-dimensional (6, 8, 10}14) , twodimensional (6, 11, 15}19) , and three-dimensional compounds (7, 19}21) . Prior to the use of #uxes to prepare new thio-and selenophosphates, the state of development in this class of materials was limited mostly to the M P Q (Q"S, Se) family and some other ternary solids. A few of these compounds have been investigated for their nonlinear optical properties (22) , ferroelectric applications (23) , ionexchange capacity (24) , and luminescent behavior (25) . The structures and properties of these materials underscore a great potential with respect to learning new chemistry and physics from investigating these types of materials.
We have now extended this work from chalcophosphates to chalcogermanates and chalcostannates. Because the [M V Q W ]X\ (M"Ge, Sn; Q"S, Se) anions are more highly charged than the [P V Q W ]L\ anions, the structures are expected to be di!erent because of di!erent charge-balancing requirements. Further investigations into these compounds promise to expose a comparably rich chemistry (26}28).
In combination with selenophosphate and thiogermanate anions we have explored the reactivity of Pb which gave rise to APbPSe (A"Rb, Cs), A Pb(PSe ) (A"Rb, Cs) (11), Rb PbGe S , K PbGe S , K Pb Ge S , and Cs Pb Ge S (29) . Later, we examined these systems using the corresponding sodium and lithium chalcogenide #uxes. These #uxes are more challenging because as the size of the alkali metal decreases, the basicity decreases along with the probability that the alkali metal will be incorporated into the "nal product (2) . Yet, this proved successful in synthesizing Na Pb [Ge S ] (26) and recently Na Pb PSe , Na Pb GeS , and Li Pb GeS , which are isostructural and reported here. Na Pb PSe , Na Pb GeS , and Li Pb GeS could not be made in pure form via direct combination reactions of the elements or the binary chalcogenides; they are products which seem to be stabilized only in the #ux. These compounds adopt a cubic structure, which is similar to that of Ba CdSn S and Ba CdAg Sn S (30); however, they exhibit some disorder between the lead and alkali cations. Spectroscopic characterization is also reported.
EXPERIMENTAL SECTION

Reagents
The chemicals in this work were used as obtained: (i) sodium metal, analytical reagent, Mallinckrodt Inc. (Paris, KY); (ii) lithium metal rods, 99.9%, 12.7 mm diameter (Aldrich Chemical Co., Inc., Milwaukee, WI); (iii) lead metal powder, 200 mesh (Spectrum, Gardena, CA); (iv) germanium metal powder 99.999%, 100 mesh (Alfa-Aesar, Ward Hill, MA); (v) red phosphorus powder, 100 mesh (EM Science, Gibbstown, NJ); (vi) sulfur powder, sublimed (Spectrum, Gardena, CA); (vii) selenium powder 99.5#%, 100 mesh (Aldrich Chemical Co., Inc., Milwaukee, WI); (viii) N,Ndimethylformamide 99.8%, A.C.S. reagent (Aldrich Chemical Co., Inc., Milwaukee, WI); (ix) diethyl ether, ACS Grade, anhydrous (Columbus Chemical Industries, Inc., Columbus, WI).
Synthesis
A 2 Q (A"Li or Na; Q"S or Se). Li S, Na S, and Na Se were prepared using a modi"ed literature procedure (31, 32) .
PbS. A 10.34 g (0.05 mol) amount of Pb was combined with 1.60 g (0.05 mol) of S and loaded into a quartz tube. The tube was heated to 7003C in 24 h. It was kept at 7003C for 144 h and then cooled 653C/h to 503C. The gray/silver microcrystalline product was ground and bottled. 
&&P
Se ,'' was prepared by heating 4.068 g (0.131 mol) of P and 25.930 g (0.328 mol) of Se powder in an evacuated Pyrex ampoule for 24 h at 4603C. The glass was ground up and stored in a nitrogen-"lled glovebox.
Preparation of Na 1.5 Pb 0.75 PSe 4 . In a nitrogen-"lled glovebox, 0.187 g (0.9 mmol) of Pb, 0.274 g (0.6 mmol) of P Se , 0.113 g (0.9 mmol) of Na Se, and 0.071 g (0.9 mmol) of Se were loaded into a Pyrex tube. The tube was #ame-sealed under vacuum (approximately 2;10\ mbar) and inserted into a programmable furnace. The temperature was raised from 503C to 5403C in 24 h. It was kept at 5403C for 30 h and then cooled 33C/h to 3003C followed by cooling 503C/h to 503C. The product was isolated by washing away the excess #ux with N,N-dimethylformamide and washed with ether. The products were red plates and polyhedra and silver polyhedra (60%/40% yield). Semiquantitative energy dispersive analysis (EDS) using a scanning electron microscope (SEM) on a number of the red plates and red polyhedra indicated the presence of all four elements. The powder di!raction pattern of the red plates and red polyhedra indicated a new phase. The powder di!raction pattern of the gray polyhedra was indexed to PbSe.
Preparation of Na 0.5 Pb 1.75 GeS 4 . In a nitrogen-"lled glovebox, 0.052 g (0.25 mmol) of Pb, 0.054 g (0.75 mmol) of Ge, 0.039 g (0.50 mmol) of Na S, and 0.064 g (2 mmol) of S were loaded into a Pyrex tube. The Pyrex tube was #ame-sealed under vacuum (approximately 2;10\ mbar) and inserted into a programmable furnace. The temperature was raised from 503C to 5303C in 20 h. It was kept at 5303C for 34 h, and then cooled 53C/h to 503C. N,N-Dimethylformamide was used to remove the excess #ux, and washing with ether revealed small orange/red crystals as a pure phase. The presence of all four elements was detected in several of the crystals with semiquantitative EDS using a SEM. The powder di!raction pattern indicated a new phase.
Preparation of Li 0.5 Pb 1.75 GeS 4 . In a nitrogen-"lled glovebox 0.093 g (0.45 mmol) of Pb, 0.022 g (0.3 mmol) of Ge, 0.007 g (0.15 mmol) of Li S, and 0.077 g (2.4 mmol) of S were loaded into a graphite tube. The graphite tube was inserted into a 13 mm Pyrex tube and #ame-sealed under vacuum (approximately 2;10\ mbar). The Pyrex tube was then placed into a programmable furnace and heated from 503C to 5003C in 24 h. The reaction was kept at this temperature for 96 h and then cooled at 2.53C per hour to 2503C followed by rapid cooling to 503C in 2 h. The product was isolated as described above as pure orange/red crystalline chunks. Analysis of the small orange/red chunks using semiquantitative EDS attached to a SEM indicated the presence of Pb, Ge, and S (lithium cannot be detected by EDS). Analysis preformed using inductively coupled plasma (ICP) con"rmed the presence of Li, Pb, and S in a 0.57:1.73:4 molar ratio (there was no standard made for germanium). The powder di!raction pattern indicated a new phase. In order to obtain crystals suitable for single-crystal X-ray di!raction, the same starting mixture was loaded into a graphite tube. The graphite tube was inserted into a 13 mm quartz tube and #ame-sealed under vacuum (approximately 2;10\ mbar). This tube was heated from 503C to 6503C in 12 h. The reaction was kept at this temperature for 72 h and then cooled at 2.753C per hour to 2503C followed by rapid cooling to 503C in 2 h. The product was isolated in the same manner as previous to reveal beautiful, red plate-like single crystals as a pure phase.
Physical Measurements
Powder X-ray diwraction. Analyses were performed using a calibrated Rigaku-Denki/RW400F2 (Rota#ex) rotating anode powder di!ractometer controlled by an IBM computer, operating at 45 kV/100 mA and with a 13/min scan rate, employing Ni-"ltered Cu radiation in Bragg} Brentano geometry. Powder patterns were calculated with the Cerius software package (33) .
Electron microscopy. Quantitative microprobe analysis of the compounds were performed with a JEOL JSM-6400V SEM equipped with a Noran Vantage EDS detector. Data were acquired with an accelerating voltage of 25 kV and a 40 s accumulation time.
Inductively coupled plasma spectroscopy (ICP). Samples were submitted to the Animal Health Diagnostics Laboratory at Michigan State University for analysis. Experiments were carried out on a Thermo Jarrel Ash Polyscan 61E Simultaneous/Sequential inductively coupled plasmaatomic emission spectrometer (ICP-AES) with vacuum spectrometers and Ar-purged optical paths. The solid powders were weighed onto an analytical balance and then digested in a Te#on container in concentrated nitric acid overnight at 953C. The digest was transferred to a 25 ml volumetric #ask and diluted with water. Yttrium was used as an internal standard in 2% HNO . Multielemental analyses were done by nebulizing the liquid sample into an argon #ame (plasma) that was sustained by a surrounding high-frequency magnetic "eld. The photons emitted are collimated and directed by a di!raction grating onto a semicircular array of photomultiplier tubes, one for each element to be measured. A computer then converts the photomultiplier signals to concentration units.
Diwerential thermal analysis (DTA).
Di!erential thermal analysis (DTA) was performed with a computer-controlled Shimadzu DTA-50 thermal analyzer. Approximately 20 mg of the samples were sealed in a carbon-coated quartz ampoule under vacuum. A quartz ampoule containing alumina of equal mass was sealed and placed on the reference side of the detector. The sample was heated to 8003C at 103C/min, isothermed for 5 min, and then cooled at a rate of 103C/min to 1003C, followed by rapid cooling to room temperature. Residues of the DTA experiments were examined by powder X-ray di!raction. The stability and reproducibility of the samples were monitored by running multiple heating and cooling cycles.
Single-crystal UV/vis spectroscopy. Optical transmission measurements were made at room temperature on single crystals using a Hitachi U-6000 microscopic FT spectrophotometer with an Olympus BH-2 metallurgical microscope over a range of 380}900 nm.
Solid-State UV/vis/near IR spectroscopy. Optical di!use re#ectance measurements were performed at room temperature using a Shimadzu UV-3101PC double-beam, doublemonochromator spectrophotometer. The instrument is equipped with an integrating sphere and controlled by a personal computer. BaSO was used as a 100% re#ec-tance standard. The sample was prepared by grinding the crystals to a powder and spreading them on a compacted surface of the powdered standard material, preloaded into a sample holder. The re#ectance versus wavelength data generated were used to estimate the band gap of the material by converting re#ectance to absorption data (34).
Infrared spectroscopy. FT-IR spectra were recorded as solids in a CsI matrix. The samples were ground with dry CsI into a "ne powder and pressed into translucent pellets. The spectra were recorded in the far-IR region (600}100 cm\, 4 cm\ resolution) with the use of a Nicolet 740 FT-IR spectrometer equipped with a TGS/PE detector and silicon beam splitter.
Raman spectroscopy. Raman spectra were recorded on a Holoprobe Raman Spectrograph equipped with a 633 nm HeNe laser and a CCD camera detector. The instrument was coupled to an Olympus BX60 microscope. For each sample, crystals were simply placed onto a small glass slide and a 50; objective lens was used to choose the area of the crystal specimens to be measured. The spot size of the laser beam when using the 50; objective lens was 10 m.
Single-Crystal X-Ray Crystallography Na 1.5 Pb 0.75 PSe 4 . A plate-like crystal with dimensions 0.16;0.09;0.03 mm was mounted on a glass "ber. A Bruker SMART Platform CCD di!ractometer, operating at 50 kV/40 mA and using graphite-monochromatized MoK radiation, was used for data collection. No initial cell is needed to collect data using this procedure. A full sphere of data was collected in three major swaths of frames with 0.303 steps in and an exposure time of 45 s per frame. Crystal stability was determined at the end of the data collection by recollecting the "rst 50 frames of the data and comparing them to the original "rst 50 frames. No crystal decay was detected. An initial cell was obtained by with the SMART (35) program to extract re#ections from the frames of the actual data collection. This orientation matrix was used to integrate the data with the SAINT (35) program. The "nal cell constants were determined from a set of 6673 strong re#ections obtained from data collection.
An empirical absorption correction was done using SADABS (36) , and all re"nements were done with the SHELXTL (37) package of crystallographic programs. The systematic absences pointed clearly to the space group I4 3d. One lead, one sodium, one phosphorus, and two selenium atoms were found in special positions except for one of the selenium atoms. However, the thermal displacement parameter, ;(eq), of Pb(1) was high (0.046 A s ), and the thermal displacement parameter of the sodium atom, which we will call Na(2), was also high (0.048 A s ) compared to that of the 
other atoms (R1"10.5% wR2"29%). For the Pb(1) position, a disorder model was applied by introducing another atom, Na(1), so that the sum of the occupancies was set equal to full occupancy. Na(2) was found to generate a symmetry-equivalent position &0.8 A s from itself. This position was then constrained to be half-occupied. After leastsquares re"nement, the disorder site between Pb(1) and Na(1) re"ned to 49.4% Pb(1) and 50.6% Na(1), the thermal displacement parameter of the Pb(1)/Na(1) site dropped to 0.027 A s , and the Na(2) position had a reasonable thermal displacement parameter (0.024 A s ) (R1"4.3% wR2"14.8%). The Pb(1)/Na(1) site was constrained to 50%/50%, which gave a charged-balanced formula and after re"nement, no change in the R values was noted. Next, all the atoms were re"ned anisotropically except for Na(2) (R1"2.26%, wR2"5.17%). Re"ning Na(2) anisotropically was not deemed statistically signi"cant. The maximum and minimum peaks on the "nal Fourier di!erence map corresponded to 1.134 and !0.781 e\/A s . Crystallographic data for Na Pb PSe are given in Table 1 , and fractional atomic coordinates and anisotropic temperature factors are in Tables 2 and 3 .
Na 0.5 Pb 1.75 GeS 4 . A block-like crystal having dimensions ca. 0.10;0.10;0.05 mm was glued at the tip of a Lindemann glass capillary. The data collection was carried out on a P4 Siemens di!ractometer. To avoid severe absorption e!ects and ease re"nements, a graphite-monochromatized Ag radiation ( "0.56087 A s ) was used. The orientation matrix and the cubic cell constant were obtained from the centering of 28 high value re#ections. The intensities of all re#ections but the Friedel pairs were collected in an scan mode. The intensity decay observed during the room temperature measurements was less than 1%.
The measured intensities were obtained by "tting of the re#ection pro"les. They were corrected for scale variations by means of three standard re#ections. Data reduction, absorption corrections, and all re"nements were carried out with the JANA98 program package (38) . Prior to a Gaussian-type analytical absorption correction, an optimization of the crystal size and shape based upon -scan measurements was performed with the X-Shape program (39) . The 9713 re#ection intensities were then merged according to the I4 3m point group, with an internal R(obs) value of ca. 10.0% and an I'2 (I) cuto! as a criterion for observed re#ections.
Two lead, one germanium, and two sulfur atoms were found, all of which occupied special positions except for one of the sulfur atoms. After least-squares re"nement, the atomic displacement parameter, ;(eq) of Pb(2) was extremely high compared to that of the other atoms. When this position was assigned as sodium, the atomic displacement parameter was almost zero. This position was assigned as Pb(2) (R1"13.0%, wR2"31.8%), and it was found to generate a symmetry-equivalent position about 1 A s from itself. The occupancy was then constrained to be 50% occupied by Pb, which reduced the ;(eq) of Pb(2) to 0.32 A s as well as the R1 and wR2 values to 12.5% and 30.6%, respectively. At this stage, a sodium atom, Na(2), was found to be disordered with Pb(2). The sum of the occupancies was set equal to 50%, and after least-squares re"nement the occupancy of Pb(2) dropped to 16.25% while the occupancy of Na(2) re"ned to 33.75%. The atomic displacement parameter of Pb(2)/Na(2) dropped dramatically to 0.040 A s , giving R1"8.1% and wR2"20.3%. Because 16.7% lead gives a charge-balanced formula, the occupancy of Pb(2) was constrained to 16.7% and the occupancy of Na(2) was constrained to 33.3% with no change in the R values observed. All atoms were subsequently re"ned anisotropically, which considerably improved the residual factors (R1"2.84%, wR2"6.44%). Re"ning the Pb(1)/Na(1) site anisotropically was acceptable for this structure because the symmetry-equivalent position was about 1 A s away in this case as opposed to ca. 0.8 A s in the case of Na Pb PSe . The maximum and minimum peaks on the "nal Fourier di!erence map corresponded to 2.60 and !2.40 e\/A s , respectively. Crystallographic data for Na Pb GeS are given in Table 1 , and fractional atomic coordinates and anisotropic temperature factors are in Tables 2 and 3 . Li 0.5 Pb 1.75 GeS 4 . A plate-like, 0.19;0.03;0.03 mm crystal was mounted on a glass "ber. The data were collected using the same Bruker SMART CCD that was used for the data collection of Na Pb PSe . The same data collection and processing techniques used for Na Pb PSe were utilized. The exposure time was 60 s per frame. No crystal decay was detected. The data were integrated using the same procedure as in Na Pb PSe . The "nal cell constants were determined from a set of 4427 strong re#ections obtained from data collection.
I4 3d was the space group chosen on the basis of the systematic absences. Two lead, one germanium, and two sulfur atoms were found, all of which occupied special positions except for one of the sulfur atoms. After leastsquares re"nement, the thermal displacement parameter, ;(eq), of Pb(2) was extremely high (0.161 A s ) compared to that of the other atoms (R1"12.2%, wR2"32.2%). This position was found to generate a symmetry-equivalent position about 1 A s from itself. Pb(2) was then constrained to be 50% occupied which reduced its thermal displacement parameter to 0.089 A s as well as the R1 and wR2 values to 12.2% and 36.2%, respectively. At this stage, lithium atom, Li(2), was found to be disordered with Pb(2). The sum of the occupancies was set equal to 50% and after least-squares re"nement the occupancy of Pb(2) dropped to 19% while the occupancy of Li(2) re"ned to 31%. The thermal displacement parameter of Pb(2)/Li(2) dropped dramatically to 0.027 A s , giving R1"9.2% and wR2"30.5%. Since 16.7% lead gives a charge-balanced formula, the occupancy of Pb(2) was constrained to 16.7% and the occupancy of Na(2) was constrained to 33.3% with no change in the R values observed. All atoms were subsequently re"ned anisotropically (R1"2.73%, wR2"6.37%). Re"ning the Pb(2)/Li(2) site anisotropically was acceptable for this structure because the data were collected to a higher resolution and the symmetry-equivalent position was about 1 A s away in this case as opposed to ca. 0.8 A s in the case of Na Pb PSe . The maximum and minimum peaks on the "nal Fourier di!erence map corresponded to 1.633 and !0.984 e\/A s , respectively. Crystallographic data for Li Pb GeS are given in Table 1 , and fractional atomic coordinates and anisotropic temperature factors are in Tables 2 and 3 . 24 (1) 36 (1) 23 (1) 2(1) 0 0 P (1) 12 (1) 12 (1) 12(1) !1(1) !1(1) !1(1) Se (1) 20 (1) 20 (1) 20(1) !4(1) !4(1) !4(1) Se (2) 17 (1) 16 (1) (1) 10 (1) 10 (1) 10(1) (2) 32 (1) 13 (1) 35 (2) 1 (1) 1 (1) 1 (1) *The anisotropic displacement factor exponent takes the form !2 [ha*; #kb*; #lc*; #2hka*b*; #2hla*c*; # 2klb*c*;
]. ?@The letters a and b are used to help the reader distinguish between the two 24d positions. &&a'' represents &&cation site A''. This position generates a symmetry-equivalent atom 3.807(2), 3.856(3), or 3.716(1) A s from itself. &&b'' represents &&cation site B''. This position generates a symmetry-equivalent atom 0.81(1), 1.021(4), or 0.968(6) A s from itself and is therefore half-occupied.
RESULTS AND DISCUSSION
Synthesis
Na
Pb PSe was synthesized by reacting a mixture of Pb, P Se , Na Se, and Se in a 1.5:1.0:1.5:1.5 molar ratio at 4953C for 4 days. We were never able to make this compound pure. Although the best ratio to synthesize Na Pb PSe was close to direct combination, it only formed in 60% yield. The other 40% of the isolated product was PbSe. Reactions that were richer in Na Se or Se gave more PbSe. Reactions at lower temperatures did not improve the synthesis, and reactions at higher temperatures only favored the formation of PbSe. Na Pb PSe is only stable in air and water for less than 1 day. This compound features the [PSe ]\ unit, whose occurrence in solid-state compounds is relatively uncommon. There are many more compounds containing the [P Se ]\ unit, which suggests that the tetrahedral P> species is unstable with respect to the dimeric P> species under selenide-rich conditions. This is in contrast to the sul"de analogue,
[PS ]\, which tends to be much more prevalent relative to that of [P S ]\. However, with the use of the selenophosphate #ux and our ability to tune its properties, we have been able to stabilize the [PSe ]\ unit a number of times (8, 11, 19, 40}42) . Na Pb GeS was synthesized by reacting a mixture of Pb, Ge, Na S, and S in a 1:3:2:8 molar ratio at 5303C for 4 days. This compound could be synthesized relatively pure in the #ux but could not be prepared in pure form by direct combination of the elements. Di!erential thermal analysis of the compound shows that Na Pb GeS melts incongruently at 7103C. After melting, some of the compound recrystallizes while some decomposes to PbS and residual #ux. Na Pb GeS is air-and water-stable for at least a few years. Li Pb GeS was synthesized by reacting a mixture of Pb, Ge, Li S, and S in a 3:2:1:16 molar ratio at 5003C for 4 days. The compound is similar in nature to its Na analogue. It melts incongruently at 6683C and slowly precipitates out PbS. Li Pb GeS is air-and waterstable for a least a couple of weeks.
Structure
The cubic structure adopted by all three compounds is three-dimensional, noncentrosymmetric, and similar to that of Ba CdSn S and Ba CdAg Sn S (30). We will describe in detail the structure of Na Pb PSe and then compare/contrast Na Pb GeS and Li Pb GeS , respectively.
If one looks at the unit cell of Na Pb PSe shown in Fig. 1 , the structure seems to be rather complicated; however, when it is broken down into pieces, one can see things more clearly. The structure of Na Pb PSe is made up of near-perfect [PSe ]\ tetrahedral building blocks, with Se}P}Se bond angles of 107.14(8)3 and 111.70(8)3. A view of only the tetrahedral building blocks, looking down the body diagonal, displayed in Fig. 2 , shows that the structure is obviously noncentrosymmetric because all of the tetrahedra point in the same direction. These tetrahedral units coordinate to sodium or lead cations, which occupy two crystallographic sites in the structure. They are both special positions (24d) and will be referred to as cation site A and cation site B, corresponding to the numbering of the atoms which occupy these sites. Cation site A is disordered (50%/50%) between Na(1) and Pb (1) . A symmetry-equivalent position is generated 3.807(2) A s away, see Fig. 3a , and can be described as a close contact. One can see in Fig. 3b the arrangement of the tetrahedral units surrounding this position. There are two Pb(1)/Na(1)}Se distances of 2.9124(3) A s and two distances of 3.054(1) A s . There are also four long Pb(1)/Na(1)}Se interactions, two of which are 3.4017(9) A s ; the other two are 3.4385(9) A s , see Fig. 3c . Thus, when Pb(1) is in this position it can be considered to be 4-coordinate, with a distorted see-saw-like geometry, having
U tetrahedral units are represented by gray polyhedra. Bonds between Pb and Se are omitted for clarity. Cation site A, the position that is disordered 50%/50% between Na and Pb, is shown in black, while the Na atoms, which sit on cation site B, are shown in white.
FIG. 2.
[PSe ]\ tetrahedral anions of Na Pb PSe viewed down the body diagonal of the unit cell. It is easy to see how the structure is noncentrosymmetric because all of the tetrahedra are pointing in the same direction. The P atoms are shown in white, while the Se atoms are shown in gray.
some additional long interactions. However, when Na(1) is in this position it can be considered as 8-coordinate since the interaction between Na and Se is less covalent and more ionic. Cation site B is occupied only by Na(2). The coordination environment of Na (2) is an irregular, 8-coordinate pocket shown in Fig. 4 . This position generates a symmetryequivalent atom 0.81(1) A s from itself, and therefore its maximum occupancy is 50%. Six of the Na(2)}Se distances range from 2.936(1) to 3.381(6) A s , while two are longer, 4.052(6) A s . See Tables 4 and 5 for additional distances and angles. The sites occupied by Na and/or Pb in these compounds are slightly larger than the sizes of both these cations, and a certain degree of &&rattling'' motion of these cations may be expected. If multiple equivalent energy minima exist within these cavities and if the positions of the Na and/or Pb ions in the 24d sites (see Table 2 ) could be in#uenced by the application of electric "elds, then ferroelectric properties may be possible in these compounds. Pb PSe there are two metal sites which are special positions (24d) and referred to as cation sites A and B; however, they are now occupied di!erently. For both of the thiogermanates, cation site A is occupied only by Pb(1). This position generates a symmetryequivalent atom 3.856(3) or 3.716(1) A s away, which corresponds to a weak Pb}Pb lone pair interaction (43) . For Na Pb GeS , there are two Pb(1)}S bond distances of 2.846(2) A s and two of 2.867(2) A s , while there are four long interactions, two which are 3.443(2) A s and two which are 3.455(2) A s . For Li Pb GeS , there are two Pb(1)}S bond distances of 2.828(2) A s and two of 2.8623(6) A s , while there are four long interactions, two which are 3.403(2) A s and two which are 3.508(3) A s . Cation site B, in the case of both thiogermanates, is disordered between Na(2)/Li(2) and Pb (2) occupied by Na(2) or Li(2) but only as 4-coordinate if occupied by Pb (2) . See Tables 4 and 5 for additional bond lengths and angles. Perhaps it is not surprising that Na and Pb cations occupy the same crystallographic sites in these structures.
The e!ective ionic radius for Na> with a coordination number of 8 is 1.18 A s , whereas that of Pb> in the same coordination environment is 1.29 A s (44). The di!erence is only 0.11 A s . However, in order to be certain, we chose the structure determination of Na Pb GeS to be tested for possible twinning. All cubic (I4 2d and I2 3) and trigonal (R3c) subgroups were considered, but none could lead to a coherent ordering with reasonable atomic displacement parameters. Also, despite extensive attempts on many single-crystal samples we could not con"rm the existence of a superstructure.
The e!ective ionic radius for Li> with a coordination number of 8 is 0.92 A s , which is 0.37 A s smaller than Pb> (44) . With this in mind, we collected crystallographic data for Li Pb GeS out to 61.053 2 to obtain higherresolution data. In addition, we collected the data at 60 s per frame in order to catch any possible superstructure re#ec-tions. No super cell was observed, and thus no ordering of the Li and Pb cations was found.
In comparison to Ba CdSn S (30), the structure of the three compounds reported here is only slightly di!erent. Table 6 shows the relationship between the compounds reported here and those from Ref. (30) . The main di!erence is that the Cd site (cation site B) in Ba CdSn S is a special position, 12b, while in the compounds reported here cation site B is a 24d position, which can have a maximum occupancy of 50% owing to the presence of a short distance to a symmetry-equivalent position. Simply, site B is shifted to a lower-symmetry position on going from Ba CdSn S to ? Site B for the "rst two compounds is a 12b position; however, site B for the last three compounds is a 24d position, which can only have a maximum occupancy of 50% owing to the presence of a short distance to a symmetry-equivalent position.
@ The authors allowed the Ba and Cd sites to re"ne freely and obtained the formula of Ba Cd Sn S , where the 24d position is 94% occupied by Ba and the 12b site is 70% occupied by Cd. No constraint was added to the re"nement to make the formula charge balance. Therefore, Ba CdSn S or Ba Cd Sn S can be considered as an idealized formula. A For the compound Ba Ag CdSn S it was proposed that the 24d position is fully occupied by Ba and that the 12b site is occupied 66.67% by Ag and 33.33% by Cd. However, only a powder pattern was obtained, and no single-crystal structure determination was performed. the compounds reported here, resulting in a more distorted coordination geometry, since Li>, Na>, or Pb> needs more contacts to satisfy its bond valence sums.
Spectroscopy
The transparent, well-formed crystals of Na Pb PSe and Na Pb GeS were suitable for single-crystal optical transmission measurements. Both compounds exhibit sharp optical absorptions of 2.09 and 2.08 eV respectively, see Fig. 5 . Crystals of Li Pb GeS were not transparent enough for single-crystal measurements, so instead the solid-state UV/vis di!use re#ectance spectrum was obtained, which gave a band gap of 1.95 eV, see Fig. 5 . This is 0.13 eV smaller than the Na analogue which is to be expected since the interactions between Li and S are more covalent than those of Na and S.
The far-IR spectra of all three compounds are shown in Fig. 6 . The spectrum of Na Pb PSe displays two strong absorptions at &430 and 408 cm\. These vibrations can be assigned to [PSe ]\ asymmetric stretching modes and are diagnostic in distinguishing the tetrahedral selenophosphate ligand from other ligands such as the ethane-like, P Se ligand (10) . Also, there is a broad absorption around 218 cm\ which is probably associated with Pb}Se vibrations. In Na Pb GeS , and Li Pb GeS the far-IR spectra are almost identical. The spectra display two strong absorptions at &395 and 362 cm\, which correspond to [GeS ]\ asymmetric stretching vibrations. The absorptions at lower wavenumbers, 252 and 232 cm\, should correspond to Pb}S vibrations.
Raman spectra for all three compounds are shown in Fig. 7 . One can see that the Raman spectra for Na Pb GeS and Li Pb GeS are almost identical, whereas the spectrum for Na Pb PSe is more spread out but still has the same features. We can attribute the peaks around 250 cm\ and below to Pb}S or Pb}Se stretches. Since the Pb}Se vibration involves the heavier of the two chalcogens, the peaks below 250 cm\ appear at lower cm\ for Na Pb PSe than for Na Pb GeS and Li Pb GeS . The three stretches at higher cm\ should correspond to Ge}S or P}Se bonding interactions. More speci"cally, the presence of the Raman peak at 442 cm\ for Na Pb PSe and ca. 408 cm\ for the thiogermanates is attributed to the symmetric stretching vibrations of the [PSe ]\ and [GeS ]\ tetrahedra, respectively. Since the average atomic number of Ge}S is greater than that of P}Se, the Ge}S stretches in Na Pb GeS and Li Pb GeS occur at a lower cm\ than those of the P}Se in Na Pb PSe . Table 7 lists the most important Raman and far-IR spectroscopic absorption peaks for all three compounds.
Nonlinear Optical (NLO) Behavior
Preliminary experiments on powder samples of Na Pb GeS using &150 J laser light at 3.5 m from the sample (45) showed a second harmonic generation (SHG) signal which was 7 to 8 times greater than that observed for similarly prepared powder samples of LiNbO . The presence of SHG is consistent with the current cubic space group and crystal class (4 3m) (46) . Further experiments are needed to characterize the NLO behavior (47) .
CONCLUDING REMARKS
All three compounds reported here are isostructural to one another and crystallize in the cubic, noncentrosymmetric space group I4 3d with a structure similar to that of Ba CdSn S . This structure seems to be quite stable and
